Briefly, m-CSBC with good bioactivity, degradability and cytocompatibility might be an excellent biocement for bone regeneration.
Introduction
Calcium sulfate-based bone cement (CSBC) has been widely applied in bone reconstruction owing to its excellent biocompatibility and resorption in vivo. However, CSBC cannot form chemical bonds between the calcium sulfate grafts and bone tissue because of its poor bioactivity [1, 2] . In addition, previous studies pointed out that the degradation products (such as sulfate radical ions) of implanted CSBC would decrease the pH and produce an acidic microenvironment, which might lead to an inflammatory reaction with host tissues in vivo [3] .
Mesoporous magnesium-calcium silicate (m-MCS)-based biomaterials with excellent bioactivity have emerged in recent years, which have stimulated the growth of osteoblasts and promoted osteointegration [4] . These characteristics made them one of the most intriguing materials in the biomedical field. The bredigite (Ca 7 MgSi 4 O 16 ) with apatite layer induced in simulated body fluid (SBF) could support cell attachment and stimulate cell proliferation and differentiation [5] . It was reported that some ions (such as calcium, magnesium and silicon) released from these bioceramics could change the biological environment in vivo and promote bone reconstruction [6] .
The magnesium (Mg) ion is a small but important component of bone tissue: deficiency of Mg ions seems to be a risk factor for osteoporosis in humans [7] , and Mg ions were reported to be associated with the mineralization of calcified tissues and could influence mineral metabolism through the activation of alkaline phosphatase (ALP) [8, 9] . The degradation products of magnesium-containing materials were not only non-toxic but were also involved in various biological processes such as cellular processes, metabolism of vitamin D and enhanced osteogenic gene expression [10] . In addition, Feng et al. pointed out that silicates would neutralize the acidic degradation by-products and stabilize the pH of the surrounding environment [11] . Zhu et al. [12] mentioned that calcium and silicon ions could significantly induce the formation of a bone-like apatite layer.
Mesoporous materials with high specific surface areas/ volumes could adsorb a large amount of drugs into their mesoporous structures and diffuse over time in a controlled manner [13] . Lu et al. [4] revealed that the ordered mesoporous magnesium-calcium silicate (om-MCS) would promote new bone formation by inducing apatite deposited on its surfaces. Zhang et al. [14] also explored that ceria (CeO 2 )-incorporated mesoporous calcium silicate materials had apatite-formation ability and sustained drug-delivery behaviours. Zhu et al. [12] figured out that mesoporous strontium-substituted calcium silicate (Sr-CaSiO 3 ) materials had stimulated the proliferation and enhanced ALP activity of MC3T3-E1 cells.
Considering the few reports of m-MCS-based biomaterials used in bone cement and drug delivery for bone generation, in this study, the novel mesoporous calcium sulfate-based cement (m-CSBC) was developed by incorporating m-MCS into calcium sulfate hemihydrate (CSH), and the effects of m-MCS content on the physical -chemical and biological properties of m-CSBC were investigated. It is reasonable that the m-CSBC might have an appropriate setting time, compressive strength, degradability, good bioactivity and cytocompatibility. Furthermore, the mesoporous channels of the m-CSBC allowed it to be used as a drug delivery agent during drug controllable release. Therefore, vitamin D 3 was loaded into m-CSBC and its sustainable release behaviours were studied.
Material and methods

Synthesis and characterization of m-MCS powders
m-MCS powders were synthesized by the template method, using triblock copolymer of poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P 123 , Sigma Aldrich Chemistry) as porogen; concentrated hydrochloric acid (HCl, 36% v/ v) as catalyst; ethyl silicate (TEOS, (C 2 H 5 ) 4 SiO 4 ), calcium nitrate tetrahydrate (Ca(NO 3 ) 2 . 4H 2 O) and magnesium nitrate hexahydrate (Mg(NO 3 ) 2 . 6H 2 O) as raw materials. All the chemicals were obtained from Shanghai Lingfeng Chemical Regent co., Ltd.
In brief, P 123 (6 g) was dissolved in deionized water (217 ml) until the solution was clarified [15] , then HCl (17 ml) was dropped into solution with stirring for 30 min. After that, TEOS (12.9 g), Ca(NO 3 ) 2 . 4H 2 O (7.3 g) and Mg(NO 3 ) 2 . 6H 2 O (7.9 g) were added into the mixed aqueous solution with stirring for 4 h; the temperature was kept at 388C to form well-dispersed collosol, which was aged at 958C for 3 days and then dried at 808C. The m-MCS powders were obtained by sintering the dried powders at 2008C for 4 h and then raised to 6008C at a heating rate of 18C min 21 and kept for 6 h. The morphology and composition of m-MCS were characterized by transmission electron microscopy (TEM, JEM-2010, JEOL Ltd, Japan), X-ray diffraction (XRD, D/max 2550 VB/PC, Rigaku Co., Japan) and energy dispersive spectrometry (EDS, JEOL-6360LV, Japan). In addition, the pore diameter distribution, surface areas/pore volumes were determined by BrunauerEmmett -Teller (BET, Tristar 3000, Micromeritics, USA).
Preparation and characterization of m-CSBC
CSH powders were obtained by sintering calcium sulfate dehydrate (CSD) at 1208C for 8 h, then raised to 1608C at a heating rate of 18C min 21 and kept for 4 h. The m-CSBC pastes were prepared by mixing CSH and m-MCS (0 w%, 20 w% and 40 w%) powders with a ratio of cement powder to liquid (water) of 1 : 0.85 g ml 21 . The setting time of the cements was tested with a Vicat needle as mentioned in a previous study [16] .
The cement pastes were injected into the Teflon moulds (Ø 12 Â 2 mm). Then the cements were cured at 378C, 100% relative humidity for 5 days. The compressive strength of solidified specimens (Ø 6 Â 6 mm) was measured using a universal testing machine (AG-2000A, Shimadzu Autograph, Shimadzu Co., Ltd, Japan) at a loading rate of 1 mm min 21 [16] . The surface morphology and phase composition of the cement specimens were examined using scanning electron microscopy (SEM JSM-6360LV, JEOL, Japan) and XRD.
In vitro degradability of m-CSBC in Tris -HCl solution
The degradation of m-CSBC was investigated by monitoring the weight-loss ratio and pH change of the solution after the samples were immersed in Tris -HCl solution ( pH ¼ 7.4) for different times (with a ratio of liquid to solid of 20 ml g
21
); the TrisHCl solution was changed once a week. The initial weight (W 0 ) of each sample was recorded. The samples were taken out at different time points (7, 14, 21, 42 , 56 and 84 days) from the solution and dried at 808C for 48 h, and the dried cements were weighed again (W t ). The weight-loss ratio was calculated as
The pH change of the solution after the cements were soaked for different times was measured by a pH monitor (PHS-3C, INESA, Shanghai Instrument).
Mineralization of m-CSBC in SBF
The assessment of in vitro bioactivity of the cements was carried out in SBFs ( pH ¼ 7.4) [17] . The samples (Ø 12 Â 2 mm) were immersed in SBF (liquid/cements ¼ 20 ml g 21 , 378C) by shaking. The specimens were collected after soaking in SBF for 7 days, then washed gently with distilled water and dried at 608C for 24 h. The surface morphology and composition were determined by SEM, EDS and XRD. The change of ion concentration (Ca, Mg, P and Si) in SBF solution after soaking 40 m-CSBC for different times was determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, IRIS 1000, Thermo Elemental, USA).
Sustained release of vitamin D 3
The vitamin D 3 (0.05 g) was dissolved in 100 ml of ethanol, then the m-MCS powders were added to vitamin D 3 solution (m-MCS/vitamin D 3 solution: 5 g 50 ml
21
) with strong stirring for about 2 h, centrifuged so as to remove the unabsorbed vitamin D 3 in the supernatant, and then dried at 378C for 12 h. The cements loaded with vitamin D 3 were prepared by mixing CSH and m-MCS powders containing vitamin D 3 in different ratios. Then, the cements were put into a Teflon mould (F 12 Â 2 mm) and cured at 378C, 100% relative humidity for 5 days. Using the same method, the CSBC, 20 m-CSBC and 40 m-CSBC containing the same vitamin D 3 content were prepared.
For sustained release of vitamin D 3 from the cements, the standard curve with certain concentrations of vitamin D 3 was measured in order to make a regression equation. Then the specimens (CSBC, 20 m-CSBC, 40 m-CSBC) were immersed in PBS (pH ¼ 7.4). The PBS solution (2 ml) was drawn out at each time point (1, 3, 5, 7, 10, 15, 20 and 25 days) and the OD value was tested by enzyme-linked immunosorbent assay (ELISA, SPECTRAmax 384, Molecular Devices, USA). The concentration and release ratio was calculated by regression equation and Origin pro 8.0 software.
Cell attachment
MC3T3-E1 cells were used to investigate the cytocompatibility of the cements (Ø 12 Â 2 mm), which were sterilized with 100% ethanol for 6 h and UV radiated for 1 h; 300 ml of cell suspension was added to the samples at a density of 5 Â 10 3 cells well 21 in 24-well plates, and then incubated at 100% humidity with 5% CO 2 . At 6, 24 and 72 h, the medium was removed, and the specimens were gently rinsed with PBS three times and fixed with 4% glutaraldehyde for 2 h [18] . The fixative was removed by washing with PBS followed by sequential dehydration in graded ethanol (30, 50 , 70, 90 and 100%). The morphology of the cell on the cements was observed by SEM.
Cell proliferation
MC3T3-E1 proliferation was inspected using the methylthiazol tetrazolium (MTT) test. Briefly, the cells (5 Â 10 3 ) were seeded on the cements (Ø 12 Â 2 mm) and incubated in a humidified atmosphere of 95% air and 5% CO 2 for different times. The culture mediums were replaced every 2 days. At 1, 3 and 7 days, 40 ml of a 0.5 mg ml 21 MTT solution (Amresco, Solon, USA) was added to the well plate and incubated at 378C for 4 h. After 4 h of culture, the medium was removed and 200 ml of dimethyl sulfoxide (DMSO, Sinopharm, Shanghai, China) was added to each well to stop the reaction and completely dissolve the purple formazan product. An aliquot of 100 ml was taken from each well and transferred to a fresh 96-well plate. The absorbance was measured at l ¼ 590 nm on an ELISA plate reader (ELx800, BIO-TEK). A cell culture plate without materials was used as the blank control. All the results were presented as optical density values minus the absorbance of the blank wells.
Alkaline phosphatase activity
The ALP activity assay evaluated the effect of the m-CSBC (Ø 12 Â 2 mm) on osteogenic differentiation of MC3T3-E1 cells. A total of 2.5 Â 10 4 of cells were seeded on each specimen in 24-well plates, then cultured at 378C in an atmosphere of 100% humidity with 5% CO 2 . At each culture point, the medium was removed and samples were washed with PBS three times. Then the cell lysate was obtained by adding 1 ml of 0.2% Nonidet P-40 (NP-40) solution at room temperature. Aliquots of cell lysates were incubated with 50 ml of 1 mg ml 21 p-nitrophenyl phosphate solution (Sigma, USA) at 378C for 15 min. The conversion of p-nitrophenyl phosphate to p-nitrophenol was stopped by adding 100 ml of 0.1 M sodium hydroxide solution. The ALP activity was normalized by the total intracellular protein contents and absorbance at 405 nm was measured with a spectrophotometer (SPECTR Amax 384, Molecular Devices). The ALP activity of MC3T3-E1 cells cultured on blank culture plates served as control.
Statistical analysis
A minimum of five samples was tested per group for physical and chemical properties, and six parallel samples per group for the cell experiments. p , 0.05 was considered statistically significant. All quantitative data were analysed with Origin pro 8.0 and expressed as the mean + standard deviation (M + s.d.).
Results
Characterization of m-MCS and m-CSBC
From the TEM image (figure 1a), it can be seen that the m-MCS showed ordered mesoporous channels and uniform pore size. From figure 1b, the m-MCS displayed a narrow pore size distribution, and the average pore size was approximately 9 nm. The BET results revealed that the specific surface area of m-MCS was 410.9 m 2 g 21 and pore volume was 0.8 cm 3 g
21
. Figure 1c shows the EDS of m-MCS; clearly, the m-MCS consisted of Ca, Mg and Si elements. Figure 1d shows the XRD of the m-MCS, which was amorphous with a broad peak at 2u ¼ 248.
The phase compositions of the m-CSBC after being cured for 5 days were characterized by XRD as shown in figure 2. It can be seen from figure 2a that the diffraction peak of CSD appeared at 2u ¼ 11. [2] . Correspondingly, the peak of CSD was found in 20 m-CSBC (figure 2b) and 40 m-CSBC (figure 2c), but the peak intensity of CSD significantly decreased with the increase of m-MCS content. Figure 3 shows the surface morphology of the cements. According to 1 kÂ magnification images, the surfaces of the cements were dense and rough (figure 3a,c,e), and some m-MCS clusters were observed on the m-CSBC surfaces (figure 3c,e). From higher magnification images, CSBC presented as rod-like microcrystalline structures (figure 3b) while a large amount of amorphous m-MCS was evenly distributed onto the 20 m-CSBC and 40 m-CSBC (figure 3d,f ). In figure 4b , the pH value of the solution for the CSBC decreased sharply within 14 days (from 7.4 to 6.96), and further decreased to 6.89 after soaking for 84 days, which presented an acidic solution. However, the pH of 20 m-CSBC and 40 m-CSBC showed mild changes (from 7.4 to 7.22, from 7.4 to 7.26) within 14 days, and gradually increased to 7.28 and 7.34 after soaking for 84 days.
Setting time and compressive strength
Degradability of cements
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150779 3.4. Apatite-formation on cements Figure 5 shows SEM images of surface morphology for the cements after soaking in SBF for 7 days. The lower magnification shows the ball-like apatite scattered on CSBC surface (figure 5a), while a lot of microspheres aggregates on the m-CSBC surfaces (figure 5c,e). Obviously, the apatite aggregates almost covered the 40 m-CSBC surfaces, which were denser than 20 m-CSBC and CSBC (dependent on the m-MCS content). In the higher magnification, the aggregates were found to be made up of regular microsphere crystalline structures, which were the typical morphology of apatite. The apatite became more and more dense on the m-CSBC surfaces, which were m-MCS content dependent ( figure 5b,d,f ) .
To further determine apatite formation on cement surfaces, XRD scans of the samples after soaking into SBF for 7 days are shown in figure 6a. It was found that the apatite peaks (at approx. 2u ¼ 25.58, 32.18, 42.48 and 49.48) appeared on all the samples [5] , and other peaks appeared at approximately 2u ¼ 20.88, 23.58, 29.28 and 47.98, which belong to the cements. Clearly, the intensity of the peaks for 40 m-CSBC (figure 6a) and 20 m-CSBC (figure 6b) were significantly higher than CSBC (figure 6c), which was in accord with the SEM images. The EDS of the cements are shown in figure 6b . The results revealed the mole ratio of calcium to phosphorus was approximately 1.66, confirming the formation of the apatite layer on the 40 m-CSBC surface. Figure 7 reveals changes of Ca, Mg, P and Si ion concentrations in SBF after soaking the 40 m-CSBC for different times (12, 24, 72, 120 and 168 h). Ca ions increased sharply in the first 24 h, then declined slightly and gradually went up after 72 h. P ions kept declining, while Mg and Si ions sustained increases during the whole mineralization process. rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150779 it was 6.6 w%, which was slightly higher than 40 m-CSBC of 3.6 w%. After that, however, the cumulative release ratio of vitamin D 3 from CSBC was slow, and the m-CSBC displayed a higher cumulative release ratio of vitamin D 3 with the increase of m-MCS content. At 25 days, the cumulative release ratio of vitamin D 3 from 40 m-CSBC, 20 m-CSBC and CSBC was 41.3 w%, 30.6 w% and 17.5 w%, respectively.
Vitamin D 3 sustained released from cements
Cell morphology and proliferation
The cell morphologies on the cement surfaces for different times are illustrated in figure 9 . It was found that the osteoblasts stretched out and spread well on the coarse surface of the samples at 6 h (figure 9a-c). At 1 day, the osteoblasts were completely spread and tightly attached to the samples, and exhibited normal osteocyte morphology (figure 9d-f ). At 3 days, the osteoblasts formed a confluent layer with close attachment to the surfaces of the samples, as shown in figure 9g-i. The results indicated that all the samples had no negative effects on cell morphology and viability. The MTT assay was used to investigate cell proliferation; the results from figure 10 show that the OD value for 40 m-CSBC was higher than for 20 m-CSBC and CSBC at day 1, with the culture time extension, the OD value for 40 m-CSBC and 20 m-CSBC significantly higher than CSBC on day 3; meanwhile, the 40 m-CSBC was also higher than 20 m-CSBC. However, on day 7, the cell proliferation on m-CSBC became slower but the OD value was still higher than CSBC, with no obvious differences for m-CSBC between day 3 and day 7. The results suggested that the cements containing m-MCS could promote cell proliferation as compared with CSBC, showing good cytocompatibility. 
Cell differentiation
The ALP activity of MC3T3-E1 cells increased with culture time for all the samples, as shown in figure 11 . In general, the cells on m-CSBC presented a higher ALP levels than CSBC ( p , 0.05). No obvious differences were found for all the samples on day 7. However, a continual increase could be noted on subsequent days; the ALP of cells cultured on 40 m-CSBC was significantly higher than CSBC on day 10 and day 14; the 20 m-CSBC also presented a higher ALP activity than that of the CSBC on day 14.
Discussion
The emergence of newly advanced bioceramics of ordered mesoporous materials displaying good bioactivity and biocompatibility has potential for bone tissue engineering [19] . Previous studies revealed that the too short setting time of CSBC (5 min) was not conducive for injecting cement into bone defects for clinical operations [16, 20] . In this study, m-CSBC showed a longer setting time (11 min) compared with CSBC (5 min) so that the cements could be easily handled and injected into irregular bone defect cavities. Some studies have reported that the acidic degradation products, released by the CSBC, would decrease the pH value of the surrounding environment ( produced an acidic microenvironment), which might result in inflammatory responses in vivo [1,2,18,20] . In this study, it was found that there was a gradual decrease of pH in the solution (from 7.40 to 6.89), indicating that acidic products were produced during CSBC degradation. However, the pH of the solution for 20 m-CSBC (from 7.40 to 7.28) and 40 m-CSBC (from 7.40 to 7.34) showed little decrease. The results suggested that the m-CSBC containing m-MCS could prevent the pH from further decreasing in the process of materials degradation. It can be explained that the degradation of the m-MCS in m-CSBC might neutralize the acidic degradation products of CSBC and thus compensated for the decrease in pH.
The degradable material would be gradually replaced by newly formed bone tissue in vivo, so the degradability of biomaterials should be in accord with the new bone growth rate [21, 22] . In this study, the degradation ratio of CSBC was 48.6 w% after immersing in the Tris -HCl solution for 84 days, while for 20 m-CSBC and 40 m-CSBC it was 59.3 w% and 63.5 w%, respectively. The fast degradation rate of m-CSBC might be attributed to the large surface area and high pore volume of m-MCS. In addition, the degradation of m-CSBC leads to macroporous structures in the cements, which was favourable for new bone tissue growth in materials and promoted bone regeneration [23] .
The apatite layer formation on biomaterials in the biological environment plays an important role in the formation of chemical bonds between material surfaces and bone tissues, as well as bone-relating progress [24, 25] . In our research, the m-CSBC could induce apatite deposition within one week, while little apatite was observed on the CSBC surface. The Ca ions from CSBC were not sufficient to promote the formation of new apatite on the material surface, and so it is improbable to generate bone connections with the surrounding tissues because the CSBC lacks bioactivity [18, [26] [27] [28] . However, the excellent bioactivity of m-CSBC was attributed to the synergistic effects of Ca with Si ion release from m-CSBC during apatite formation (silicon ions are favourable for the mineralization), which could be explained as follows: as m-MCS gradually degrades, the Ca-O bond was broken, more Ca ions released and exchanged with H 3 O þ in SBF, which facilitates the formation of HSiO 4 3 -; the concentration of silanol groups provided more nucleation sites for apatite. Then, the Ca 2þ , HPO 4 2 -and OH 2 in SBF interacted and finally deposited on the nuclei through a dissolution-deposition process, forming the apatite layer on m-CSBC surfaces [29] . A study revealed that the ordered mesoporous bioglass had a superior ability to induce apatite formation compared with a non-porous structure, resulting from the special mesoporous structure of larger surface area and high pore volume [4] . Therefore, with the significantly improved bioactivity, the m-CSBC was expected to form stronger bone-bonding with the surrounding bone tissue by the apatite layer compared with the traditional calcium sulfate cement. Vitamin D 3 can turn into 1,25-(OH) 2 -VitD 3 (active form of vitamin D 3 ) after transformation in kidney and liver in vivo; vitamin D 3 is capable of conditioning the metabolism of Ca and P ions; inducing osteoblast differentiation; and regulating mRNA and protein expression [30] . Animal experiments have proved that 1,25-(OH) 2 -VitD 3 had the ability to treat osteoporosis and repair articular cartilage defects by stimulating osteoblast growth in implants, which is a promising drug to help bone regeneration and accelerate the progress of bone construction [31] . as most vitamin D 3 was wrapped in it, which blocked continued release of vitamin D 3 unless from CSBC degradation. In comparison to the increase of m-MCS content, more m-MCS was exposed on the m-CSBC surfaces, so that the cements displayed a fast cumulative release rate of vitamin D 3 . Furthermore, the degradation rate of m-CSBC was faster than CSBC, thus the accumulated amount of vitamin D 3 from m-CSBC was more than CSBC. After 25 days, the cumulative release ratio of 40 m-CSBC, 20 m-CSBC and CSBC was 41.3%, 30.6% and 17.5%, respectively. The results suggested that the mesoporous structure provided a large area for drugs to be loaded, which might be favourable for drug sustained release compared with the CSBC. The cell responses on the interface of biomaterials surfaces and cells including the morphology, proliferation and differentiation were closely associated with cytocompatibility [32, 33] . The results revealed that the surfaces of m-CSBC were beneficial to cell adhesion and growth: at 6 h, the morphology of MC3T3-E1 presented normal phenotype with the synapse extend and spread, indicating that the samples have no negative effect on cell attachment. The cell number increased and closely attached to the substrate at 24 h of culture. On the third day, the cells formed a confluent layer on the m-CSBC surface, showing good cytocompatibility. Moreover, through the MTT assay, it was found that the m-CSBC obviously stimulated the proliferation of MC3T3-E1 cells on days 3 and 7.
ALP is a specific indicator to evaluate osteogenic activity and differentiation ability; its activity was positively correlated with osteoblast differentiation [34] . The result revealed that ALP activity of the cells cultured on the m-CSBC markedly increased compared with CSBC on days 10 and 14. Previous studies have confirmed that the ion dissolution products containing Ca, Mg and Si ions from bioactive glasses/ ceramics could stimulate osteoblast proliferation and differentiation [35, 36] . Moreover, several studies have shown that the silicon ions could improve the ability of osteoblasts and fibroblasts to produce collagen type I, so that cell differentiation can be promoted [37, 38] . In this study, the ions (including Ca, Mg and Si) released from m-CSBC might be crucial for cell responses. Therefore, it can be suggested that the m-CSBC provided a Ca-, Mg-and Si-rich environment, which might be responsible for stimulating cell proliferation and differentiation, showing good cytocompatibility.
Conclusion
In this study, m-CSBC was prepared by adding m-MCS to CSH. Our findings revealed that the incorporation of m-MCS into cements prolonged the setting time of the m-CSBC, which was beneficial to improving the injectability of the cements. Meanwhile, the compressive strength slightly decreased. In addition, the addition of m-MCS into the cements improved the degradability and apatite-formation ability of the m-CSBC, which was m-MCS content dependent. Moreover, the m-CSBC containing m-MCS showed the ability to neutralize the acidic degradation by-products released from the cements and prevented the pH from deceasing during degradation. It was found that the cumulative release ratio of vitamin D 3 from m-CSBC was significantly higher with the increase of m-MCS content. In the cell culture experiments, our findings showed that the m-CSBC containing m-MCS enhanced the attachment, proliferation and ALP activity of MC3T3-E1 cells. In summary, m-CSBC possessed excellent bioactivity, degradability and cytocompatibility, and might be a new biomaterial for bone tissue regeneration.
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